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INTRODUCTION

Many of the polypeptides which exert a regulatory function within the
animal organism may be termed classical hormones: they are elaborated
within special glands, are increted into the blood stream, and are thus
transported to their points of action. Other regulatory polypeptides are often
designated as “‘tissue hormones”2. They originate in tissues whose physiologi-
cal functions are not primarily hormone production (e.g. kidney, blood-
plasma, brain, intestine, salivary gland etc.). Both types of compound will be
included in this discussion.

It is with Sanger’s® pioneering investigation into the structure of insulin
(Figure I) that organic chemistry has learned how to determine the number
and sequence of amino-acid residues in polypeptide chains. This characteris-
tic of a polypeptide is often called its primary structure and includes, of course,
a detailed description of the configuration of each amino-acid residue.
Depending on the nature of the molecular environment (neighbouring
molecules in crystals, solvents, adsorbants, including cellular structures),
the chains are known to be coiled not in a random, but in a very distinct,
manner: conformations induced by hydrogen bonds within the polypeptide
backbone (peptide bonds) are called secondary structures, those determined by
forces between the amino-acid side chains (and amounting to a further
folding of secondary structures) are called tertiary structures*.

Although monumental examples for the determination of secondary and
tertiary structures of protein molecules in crystals have been provided by X-
ray examinations of the Cambridge group® (haemoglobin and cytochrome
¢), this method has not yet been applied to the few crystalline polypeptide
hormones (many polypeptide hormones have not even been crystallized up
to now, despite extensive purification, and, therefore, will not lend themselves
to structure determination by this method).

Methods for the elucidation of three-dimensional architecture of poly-
peptides in solution are still in a rudimentary stage and may only yield
information on certain details (e.g. hydrogen bonding of the phenolic —OH
of tyrosine residues eic.)®.

The contribution of the organic chemist to the study of structure-activity
relationships in the field of polypeptide hormones is at present restricted to
the correlation of primary structure (amino-acid sequence) to biological
activity. This is not too great a drawback, however, as primary structure
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certainly is by far the most important factor determining which three-
dimensional shapes may possibly be assumed. Whether the shape of the
hormone molecule in the act of entering a cell, of changing the permeability
of membranes, or of reacting with other molecules (receptors) within a
biochemical mechanism leading to a biological effect has anything in
common with a preferred conformation in a crystal or in aqueous solution,
is highly questionable. More probably, it is dependent on the spatial require-
ments of the particular cell wall constituents or receptor-molecules.

With these last statements we have entered the realm of the biochemist
and biologist. Very much is known about over-all actions of hormones on
organisms in vivo and tissues i vitro, but comparatively very little about the
biochemical mechanisms which are influenced and the receptor-molecules
involved. Some hormones seem to act upon the DNA of chromosomes
(directly ?), inducing particular genes to liberate their information, making
it available for the synthesis of RNA and of specific proteins and enzymes?.
Others may influence an enzyme system which is involved in the conversion
of ATP into cycloadenylic acid, a process concomitantly stepping up the
rate of glycolysis and TPNH-production which is essential for energetic
and synthetic activities in the cell®a, In this latter case the specificity observed
within a'given set of hormones would be a function of different molecular
characteristics not of the biochemical mechanism which is influenced, but
of the cell walls which have to be transgressed.

Direct actions of hormones on enzymes are, however, still not unequivoc-
ally established (for a discussion see ref. 7). Further possibilities include
interactions with cell membranes (or with membranes of sub-cellular
structures) leading to specific changes of the permeability of such membranes
which may account for the observed hormonal activity. A good example is
provided by vasopressin which has been demonstrated to react with cell
walls in a manner well defined by a number of chemical parameters®®.

This leads to a series of basic questions: what are we really comparing
when we are assaying two chemically distinct compounds in a given set of
biological assays? Are we comparing their action on the same biochemical
mechanisms, or are we triggering different ones which give the same observ-
able biological effect? Are we certain that differences in resorption, enzy-
matic degradation and transport mechanisms (through cell walls) do not
seriously affect our observations?

I would like to stress the point that the best we can do at present is to
compare the primary structure of polypeptides with over-all biological effects. Our
investigations are forestalled with great chemical and biological ignorance
which may invalidate any conclusions on a molecular basis at which we might
choose to arrive. The present approach has certainly been extremely success-
ful in finding new products for therapeutical use, demonstrating its inherent
ethical qualities. It is entirely insufficient, however, from the viewpoint of
molecular biology, and a great amount of labour will be required before
we shall be able to recognize the code contained in the amino-acid sequence
and to understand the “languages” of the receptor-molecules.

At this point I should like to emphasize the important role which syn-
thetic chemistry will have to play in this effort. Synthesis is the only means
at hand to introduce chemical changes at will into particular parts of peptide
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hormones and to fully determine the sequential requirements of a given
hormonal activity.

AMINO-ACID SEQUENCES AND BIOLOGICAL FUNCTIONS
OF NATURAL HORMONES
Insulin

The insulins of various species are composed of two peptide chains (A with
21 and B with 30 residues) linked together in a very specific manner by
disulphide bonds to form two macrocyclic, heterodetic peptide rings. The
intactness of this ring system is necessary for biological action® ®. Insulin
probably acts mainly upon cell walls, regulating the transport of glucose,
amino-acids, fatty acids, sodium ions, efc.1°.

The changes in amino-acid sequence according to species (Figure I)
do not seem to alter the biological activity significantly, nor do they restrict
it to the particular species. This may indicate, that certain amino-acids are
“physiologically equivalent’ or that they occur in portions of the molecule
that are not directly responsible for action (outside of an “active site”).
Equal activity of these compounds may be the reason that these genetic
changes have survived the process of evolution, whereas possible mutations
affecting other parts of the molecule and impairing activity would have
been lethal factors.

Different portions of the polypeptide chains of insulin actually do not
seem to be equally responsible for activity: the ‘“‘active site” must reside
somewhere between the residues A,, Ay, B, and By, as determined by con-
trolled enzymic degradation and chemical substitution of —NH, and —OH
groups'®. The C-terminal aspartic acid of chain A is essential for activity,
whereas 6 and 8 amino-acid residues of the B chain may be removed from
the N- and C-terminals, respectively, without destroying activity?s,

A number of speculations on secondary (a-helicall®: 17, B-extended!®) and
tertiary structures (dimerization!®) have been reported. Until more evidence
for their validity is produced, their bearing on the interaction between insulin
and its hypothetical receptor-molecules cannot be assessed.

Another open question pertains to the role played by zinc for biological
activity: zinc is known to be chelated rather strongly by insulin and it has
been impossible to decide whether the active species is the chelate or the
free insulin, because zinc is ubiquitous in biological fluids and could be
picked up by insulin even during the course of an assay?®,

These findings probably represent the maximal information which can
be gained with the type of methods employed, and further insight will have
to await the synthesis of insulin and of analogues, thereof with different chain
length and different amino-acid sequence.

Glucagon

Glucagon seems to exert its main action on the metabolism of glucose.
It liberates glucose from the liver and may be used to combat hypoglycaemic
shock?, it also enhances utilization of glucose in the cells?. Recent experi-
ments point to a lipid-mobilizing activity of this hormone?? 23, It is at present
impossible to make any relevant statements about structural requirements
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for biological activity; all the fragments obtained by enzymic digestion
seem to be inactive. Further knowledge will have to await alteration of the
molecule at specific points by synthetic means.

Oxytocin, vasopressin, vasotocin

Whereas the hormones of the pancreas which influence carbohydrate
metabolism in a somewhat antagonistic manner exhibit very great chemical
differences, the posterior pituitary elaborates hormones which are chemically
related to one another but produce dissimilar effects. We are faced with the
fact that peptide hormones may be endowed with considerable specificity
which is connected with structural details (for a discussion see refs. 25 and
26). Investigations in this field have been greatly stimulated and facilitated by
synthetic approaches, the first ones being due to the school of du Vigneaud?”.

Typical for the chemistry of these hormones is a chain of 9 amino-acids
with two residues of hemi-cystine in positions 1 and 6 joined by a disulphide
bridge. The heterodetic macrocycle thus produced contains 20 atoms in the
ring and is similar in size to the one encountered in the A-chain of insulin
(residues 6 to 11).

NH, NH,
! |
H:Cys—Tyr—|_ |—Glu—Asp—Cys—Pro—|__[—Gly-NH,
1 2 3 4 5 |6 7 8 9

[ |
;

Oxytocin from bovine 2829, porcine®®, human %1, equine®? and ovine®® species: Ile () and Leu(®).
Vasopressin (antidiuretic hormone) from bovine (and many other) species3*: Phe ) and Arg(®);
from porcine species®*: Phe{®) and Lys(8), '— -
Vasotocin (osmolarity regulating hormone in cold-blooded vertebrates and birds), first prepared by syn-
thesis®, then isolated from natural sources®?: Ile(®) and Arg(®).

Figure 3. Hormones of the posterior pituitary: oxytocin, vasopressin, vasotocinl? 13

Oxytocin acts mainly on the smooth muscle of the uterus and the mammary
gland, and is able to depress avian blood pressure. Pressor and antidiuretic
activities are negligible. This pharmacological behaviour seems to be closely
related to the presence of aliphatic amino-acid residues (isoleucine and
leucine) in positions 3 and 8.

Exchange of these two residues for phenylalanine and arginine or lysine
reduces the oxytocic properties very markedly, and effects on blood pressure
and diuresis typical of vasopressin are produced.

We would expect the replacement of the non-polar amino-acid Leu () by
a basic residue to be responsible for this strong change of activity. Neverthe-
less, the smaller difference between the non-polar amino-acids Ile® and
Phe® also plays a definite role in determining the type of action. An
analogue of oxytocin and vasopressin, vasofocin, containing Ile ® of oxytocin
and Arg® of vasopressin was first prepared by synthesis®® and subsequently
shown to be a compound regulating osmolarity in cold-blooded vertebrates
and birds37. Its oxytocic activity is about 1/6 that of oxytocin and its pressor
activity (rat) about 3 times less than that of Arg (®-vasopressin?; 13,

Many synthetic analogues of oxytocin and vasopressin have been pre-
pared?7 38, From this work it can be concluded that activity depends on
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the presence of a number of structural details, like size of the heterodetic
ring, intactness of the C-terminal tripeptide chain ef., again demonstrating
a very appreciable degree of specificity which does not fall short of that
displayed by other groups of compound, ¢.g. steroid hormones?3 26,

Oxytocin was found to be a chelating agent for Cu?*. An examination of
the chelation properties (titration, spectra, comparison with copper-binding
by desamino-oxytocin, Phe®-oxytocin and simple glycine peptides) has
given results which may be interpreted as indicating that the N-terminal
amino group and 3 peptide nitrogens are the points of attachment of the
metal ion, The chelate thus seems to be of the ordinary biuret-type3®.

Very little is known about the relationship between the conformation of
oxytocin in aqueous solution and its biological activity. Ressler4® has reported
experimental conditions for producing a ‘“‘denaturation” with concomitant
loss of activity. Treatment with alkali results in intermolecular disulphide
interchange which leads to inactive polymers, but the loss of activity after
treatment with 7~ urea at pH 8-0 and 4-3 (much less at 4-3) might be attri-
buted to a change of conformation, because strong urea solutions are known
to alter the three-dimensional structure of proteins. However, as the author
states: ““. . . the possibility of chemical change should be ruled out before
this inactivation in urea is ascribed to change in the spatial configuration of
the oxytocin molecule”.

Adrenocorticotropin and the melanophore-stimulating hormones

Turning our attention to these hormones of the anterior (and intermediate)
pituitary we again find (as in the case of oxytocin and vasopressin) striking
similarities of chemical structure clearly differentiating them as a group
from other hormones. The most obvious feature common to all of the hor-
mones listed in Figure 4 is the heptapeptide sequence -Met-Glu-His-Phe-
Arg-Try-Gly- (included in the frame).

This heptapeptide sequence is partly responsible for one activity which
all of these compounds (including ACTH) have in common and exert on
the melanocytes of amphibia causing expansion of the melanophores and
darkening of the skin®1-43, A synthetic preparation of the heptapeptide in
question (containing glutamine in place of glutamic acid)?* exerts a high
degree of corticotropin-releasing activity on isolated hypophyseal tissue
in vitro®® (this result has been confirmed with the heptapeptide containing
the free y-carboxyl of glutamic acid)4®. It also displays an activity on
melanophores* which is about 100,000 times less (2-8 x 105 U/g) in the
in vitro assay?? than purest preparations of a-MSH (~2 x 101® U/g)48,
Similar low, but definite, activity is shown by a number of synthetic poly-
peptides containing the sequence His-Phe-Arg-Try-Gly (3 x 10* U/g)*° or
analogues thereof. The fact that (in this low range) activity is elicited also
by analogues containing pD-amino-acids (e.g. His-phe-Arg-Try-Gly, 3-4 X
10° U/g)% would suggest that the ‘“‘receptor’” responsible for melano-
phore expansion reacts rather unspecifically against such high overdosage.
Nevertheless, a great amount of work has been expended on the elucidation
of the structural requirements of this activity (see ref. 1); many of the
peptides examined are listed in Figure 7.

If the presence of «- and B-MSH in warm-blooded vertebrates is not only
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to be regarded as an evolutionary relict but as being physiologically meaning-
ful, we will have to search for other activities of these compounds. Some
possibilities are indicated by very recent investigations on B-MSH as a
neural transmitter substance in cats®? and on the action of «-MSH in
stimulating the activity of the thyroid gland of guinea pigs®®.

For further studies it would be highly desirable to have an ample amount
of synthetic material at hand, because it would be sure to be free of traces of
other hormones which might be present in a preparation isolated from
natural sources. A synthesis of =-MSH in small amounts has been reported®,
The purity of this synthetic material, however, has been questioned®;
the only preparation on a somewhat larger scale is that of an analogous,
substituted tridecapeptide (Figure 7, No. II) which possesses full melano-
phoretic activity®.

The demand for synthetic «-MSH can now be filled due to two new
methods developed in my laboratories. They both utilize new combinations
of protecting groups which may easily and selectively be split from the
intermediates without causing damage to the peptide chain and loss of
activity, The first one®? (Figure 5) allows a straightforward synthesis of
o-MSH utilizing intermediates and methods we had developed for the syn-
thesis of f'~24-corticotropin (see below). The second one®® (Figure 6) yields
an intermediate tridecapeptide with a free a-amino group which lends
itself to the introduction of a variety of N*-acyl groups besides acetyl. The
yields are consistently good. In contrast to other preparations®, activity
of our synthetic material does not deteriorate on storage.

NH, OBut’ Hyi BOC
o | ! |
CH,CO—|Ser| Tyr|Ser|Met|—NH H--|Glu|His|Phe|Arg|Try|Gly|—O~ Z—|Lys|Pro|Val|—NH,

via azide f

OBu‘J/ HE BOC
| I
CH,CO—|Ser|Tyr|Ser|Met|Glu|His|Phe|Arg| Try|Gly| —O~ H-——|Lys|ProjVal|—NH,

DCCI | Pyridine
+
OBut HF BOC

CH,CO—|Ser|Tyr|Ser|Met|Glu|His|Phe|Arg| Try|Gly|Lys|Pro| Val|—NH,

(i) F,CCOOH | (ii)Anion-exchanger (CH,COO-)
\

O- Hy Hy
! | |
CH,CO—iSer|Tyr|Ser|Met|Glu|His|Phe|Arg|Try|Gly|Lys|ProlVal|—NH,, CH;COO~

[] = —585° 4 2:5° (¢ = 0-4 in 10% acetic acid)

Figure 5. Synthesis of «-MSH via BOC-protected intermediates®?, 6%

#* BOC = t-butoxycarbonyl; But = t-butyl; DCCI = dicyclohexyl carbodiimide.
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OBut H; PHT
| | + | 3
BOC—-|Ser|Tyr|Ser|Met|Glu|His|Phe|Arg| Try|Gly| —O~ H,—|Lys|Pro[Val|—NH,, Cl-

DCCI | Pyridine

OBut Hf PHT
| | |
BOC—|Ser|Tyr|Ser|Met|Glu|His|Phe|Arg| Try|Gly|Lys|Pro|Val|—NH,, Cl—

(1) F;CCOOH | (ii)Anion-exchanger (CH,COO™)

~

OH Hi PHT
i |
ﬁg—lSer]Tyr| Ser|Met|Glu|His|Phe|Arg| Try|Gly|Lys|Pro|Val|—NH,, 2 CH,GOO-

(i) CHSCO~O—< >—NO2 (#) Anion-exchanger (CH,COO-)
in pyridine*
- Hf PHT
| \
CH:,CO——-!Scr|TyrlSer[Mct|Glu|His|PhelArgiTrylGlytLyslPro[Vaﬂ—NHz,

NH,NH, + CH,COOH l pH = 65
o- Hy Hj
| |

CHzCO—|Ser|Tyr|Ser|Met|Glu|His|Phe|Arg| Try|Gly|Lys|Pro| Val|—NH,, CH,COO-

[e]$ = —56° + 3° (¢ = 0-5 in 109, acetic acid)
Figure 6. Synthesis of «-MSH via phthalyl-protected intermediates®8, 69+

* Other acyl-groups (¢.g. benzoyl) may easily be introduced in this step.
t PHT = phthalyl.

A protected derivative of bovine 8-MSH (Figure 7, No. XII) has been
synthesized"?; although its protecting groups are not expected to be easily
cleaved by biochemical means, it exhibits a rather high in vitro activity
(14 x 107 U/g) as compared with B-MSH (2 x 10° U/g). A similar
behaviour has been reported for the protected compound No. VIII (Figure 7).
These observations are also indicative of a considerable unspecificity of the
structural requirements for melanophore expansion. A complete synthesis
of B-MSH has very recently been accomplished?s,

ACTH—In this hormone structural elements of «-MSH (viz., the tri-
decapeptide chain of a-MSH without the acetyl and amide groups) are
combined with a C-terminal hexakosa-peptide chain (26 amino-acid residues
in specific arrangements) to produce peptides with 39 residues. During their
work on ACTH, Bell and his co-workers® were able to isolate, besides -
corticotropin (Figure 3), 7 other, chemically very similar, active compounds.
It is not certain whether some of these are artefacts resulting from the
isolation procedure, whether they simply reflect genetic differences of the
population of swine from which the pituitaries were gathered, or whether
they are meant to elicit qualitatively different hormonal activities.

The main biological action of corticotropin seems to be that on the
adrenal cortex, both protein synthesis?® and synthesis of specific steroids
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(Figure 8) being enhanced’®. The promotion of steroidogenesis (in particular
hydroxylation) might partly (or wholly) be due to stepping up the conversion
of ATP to cycloadenylic acid (adenosine-3',5"-cyclophosphate, Figure 9)83.

Cholesterol

ACTH 8!
——
i
Cco
0
Progesterone
ACTH’MZ/ @ O
114]
/@
CH
(I:OJ (i:HZOH CH;,
Oon Cco co
HO )
O d
Desoxycorticosterone
@} IAcm 7 /
— @
?H;OH
co
_-OH
(]:HZOH
co
HO.
ACTHT?
-
Q
Corticosterone
?HZOH
co
o _OH
Cortisol

JFigure 8. Proposed points of action of ACTH on the biosynthesis of G-21 adrenocortical
steroid hormones®®
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All of these activities could be reasonably explained by an effect of
ACTH on protein synthesis, including the synthesis of specific enzymes.
This, together with the observation that ACTH causes an increase of the
ribonucleic acid within adrenal cells®?, could be interpreted as an action of
ACTH on the genes responsible for the synthesis of the proteins in question.

NH,

ACTH
N. RN H
</ I N b ATP
) nzymes
0—HL o N N
N
Ho\/P\O OH Glycogen
N
N
N,
N\
N\
ATP +inactive _Enzyme Phosphorylated,
phosphorylase active
phosphorylase 1
Glucose -1- phosphate

Mutase

Glucose -6-phosphate
Hydroxylated 1PN
steroids N

Steroid
TPNH
precursors Products of dehydrogenation
02

Dehydrogenase

Figure 9. Proposed biochemical function of ACTH on hydroxylation of steroids®®

Although a number of other effects (thymus-involution?, lipid-mobiliza-
tion?®s etc.) have been reported, the assay is usually based on the effects upon
the adrenal cortex?®5, and the results seem to be relevant to the clinical use
of corticotropin. The biological potency of pure preparations of ACTH are
estimated to be in the range of 80-150 I.U. per mg®” (300 I.U. per mg has
been reported®® for Corticotropin-B). )

Apparently, the N-terminal amino-acid (Ser) or amino-acids (Ser, Tyr)
are necessary for biological activity®?, whereas C-terminal amino-acids are
less so%°. Biologically active peptides containing 28 and more amino-acid
residues of the N-terminus have been isolated from peptic digests® and
degradative evidence has been produced to suggest that a peptide containing
the N-terminal 24 amino-acids displays a high degree of activity. It contains
all of the basic residues of corticotropin, suggesting that these amino-acids
are responsible for the activity measured.

Further insight into structure—activity relationships is strongly dependent
on synthesis. Figure 10 shows the peptides synthesized in the last two years by
different groups of workers. Our own group has concentrated on developing
new methods and combinations of protecting groups for peptide synthesis
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which allow the production of such peptides in especially good yields and
in a most versatile manner. The synthetic products and further analogues
will have to be tested in many different assay procedures in order to reveal
qualitative and quantitative differences against ACTH. Before more work
has been invested in this project, it is certainly too early to draw any definite
conclusions.

Kallidin and bradykinin

The existence of bradykinin and its polypeptide nature have first been
demonstrated by Rocha e Silva?’. The pure nonapeptide may be isolated
from plasma treated with trypsin®® or with snake venom (Bothrops
jararaca)?9, The closely related decapeptide, kallidin 10 (one additional
Lys at the N-terminal), is produced by the action of a specific enzyme, kalli-
krein, on plasma!®0% 19, The conversion of kallidin 10 to bradykinin (kallidin
9) is effected by a variety of enzymes occurring in plasma; Figure 11 illustrates
the interrelationship of the two peptides.

Pharmacological actions of the two peptides include action on smooth
muscle (slow contraction of guinea pig ileum; oxytocic action at very low
concentrations), lowering of blood pressure, enhancement of blood flow and
capillary permeability, induction of activity of sweat glands, efc.103, 104,
The relatively short duration of oxytocic action is due to destructive enzymes
which may be inhibited by cysteine (destruction of angiotensin cannot be
inhibited by this means)1%%. Physiological action may consist in local
regulation of blood flow (e.g., within the salivary gland).

Syntheses of kallidin 10'%.107 and of bradykinin®3 10% as well as of a
number of analogues (Figure 12) have been reported. Octapeptide analogues
of bradykinin having no Pro in position 7 (numbers according to kallidin 10)
may be taxed as inactive (III is active only at a dose of 50,000 times that
of bradykinin); however, when Pro® is missing, the octapeptide is only 100
times less active (isol. guinea pig ileum). C-terminal —Pro—Phe—Arg-OH
seems to be essential for activity. Exchange of C-terminal —Arg-OH for
citrulline and histidine (XI, XII), of N-terminal H-Arg— for citrulline (IX),
and of both arginine residues for diaminobutyric acid or citrulline (VIII, X)
lowers activity rather strongly, indicating a strong dependence of the
activities tested on the presence of Arg in these positions. A complete reversal
of sequence, leaving Arg®, Pro®, Phe®, Pro® and Arg(® in their
original positions, eliminates activity (VII). The situation with Ser(? is not
clear as documented by a comparison of compounds (XIV, XV and
XVI).

Activity of compounds XX and XXI (related to B 17-22 of insulin)
has been taken as indicative of a particular unspecificity of peptides with
biological activity?®. This argument loses much of its validity in view of the
fact that peptides more closely related to bradykinin (e.g. III, VII, and
others) elicit a similarly small amount of activity. Certainly, even if these
compounds really do act upon the same receptors as the natural products,
it is not permissible a priori to treat the response of a cell preparation to
such overwhelmingly different concentrations (1:10% to 1:107) as being
specifically related to the physiological one.
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Angiotensin and hypertensin

The kidneys produce and store a specific enzyme called renin'® 123,
which is able to catalyse the cleavage of the decapeptide, angiotensin I,
from a precursor protein (angiotensinogen) found in the a?-globulin fraction
of plasmal??-11%, This (apparently inactive) decapeptide is further degraded
by a converting enzyme present in plasmal?? to the inactive dipeptide
histidyl-leucine and the active octapeptide angiotensin II (hypertensin II).
Species differences involve the exchange of Ileu® for the structurally
closely related, and physiologically equivalent! Val®) (Figure 13).

The isolation of angiotensin from blood is so difficult and gives such low
yields that detailed studies of pharmacological and physiological action
were only possible after the preparation of larger amounts by synthetic
means?, A closely related synthetic derivativel’” with a higher rate of
oxytocic to pressure action!?® has recently become available for therapeutical
use (Hypertensin-CIBA®, No. II, Figure 15).

The biological action mainly studied until now is the enhancement of
blood pressure'”- 118, A number of clinical observations support the view
that angiotensin is by far superior over catecholamines in the medication
of shock of various origin (refs. 127-131 may serve to illustrate this point).
Other effects of angiotensin include iron-incorporation (Fe®9) into red
blood cells!®2, and a qualitatively similar effect to that of vasopressin on
water and salt excretion in diabetes insipidust3® 134,

This latter effect leads us to one of a pumber of possible physiological
actions of the renin-angiotensin system. It is believed that angiotensin
serves to regulate kidney function as a locally acting tissue hormone!7-119, 125,
More recent evidence points also to a stimulation of the zona glomerulosa of
the adrenals followed by enhanced excretion of aldosteronel?. 135, This
effect has been confirmed for human beings and is not produced by norepine-
phrini®. It is, however, too early to decide whether the stimulation of
aldosterone production is a physiological effect of angiotensin or not.

Synthesis of analogues of angiotensin in the author’s laboratories (Figures
14 and 15) and by Page and Bumpus and their co-workers (Figure 16) has
given us a great amount of insight into the structural requirements for
biological activity.

According to Figure 14, the asparaginyl @ analogues of Val ®)-angiotensin 11
(I) and of Val®-angiotensin I (II) display an almost equal potency to
enhance blood pressure in the nephrectomized rat. This is most probably
due to cleavage of histidyl-leucine from II by the enzyme converting it to
the active octapeptide (I). Obviously, if this explanation is acceptable, I1I
can equally well be converted to I by this enzyme, whereas IV and V cannot
(due to the inability of converting enzyme to split the Phe—Pro and the
Phe—NH, bonds). Whether VI is cleaved by converting enzyme to an
inactive form of I (with C-terminal p-phenylalanine) or not, is still a2 matter
of question: in any case, D-phenylalanine in position 8 renders the deca-
peptide VI inactive.

Frgure 15 lists some of the analogues of Val®-angiotensin II prepared by
the author’s group. They were tested on the blood pressure of the nephrecto-
mized rat by Gross and Turrian'4?, by Paiva and Paiva on the blood pressure
of the rat anesthetized with urethane and treated with hexamethonium
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Precursor-protein (angiotensinogen, hypertensinogen)

Renin'!?®

H-Asp—Arg—Val—Tyr—[}—His—Pro—Phe—His—Leu-OH
1 2 3 4 5 6 7. 8 9 10

Angiotensin I (hypertensin I): horse: Ile() (ref. 120)
cow: Val() (ref. 121)

-

Converting { enzyme?!??

H-Asp—Arg—Val—Tyr— [ ] —His—Pro—Phe-OH
1 2 3 4 5 6 7 8

Angiotensin II (hypertensin II): horse!2?, pig!??
Tle®); cow: Val®)
(vef. 124)

Figure 13. Tissue hormones of the angiotensin (hypertensin) type!?, 13, 117, 118

bromide as well as on the isolated rat uterus (oxytocic activity)!4!, The
asparaginyl analogue (II) is as active as Val®-angiotensin II (I) in the
first pressure assay but elicits only about 50 per cent activity in the second
one, indicating a methodical difference which has to be borne in mind when
comparing the other data (from here onward, parallelism is satisfactory).
The more pronounced difference in oxytocic activity between II and I is
worth mentioning.

Alteration of position No. I reveals a rather low specificity connected with
the first residue. Asp(NH,) may be replaced by Gly or removed altogether
without reducing activity by more than 50 per cent (III, IV). Most interest-
ing compounds are V and Va, the p- and 1r- B-asparatyl analogues of 1.
I or 11 (Figure 15) may be converted to a mixture of diastereoisomers (V and
Va) by transpeptidation and partial racemisation of Asp ®. This is achieved
by heating aqueous solutions of I or IT at 100° (Figure 17). Unexpectedly, the
pressure activities of both f-compounds are considerably higher than that of
the natural product (I). This is probably due to retarded degradation by
plasma enzymes 1420,

Position No. 2 reveals greater specificity. The hexapeptide (VI) is almost
inactive, a finding at variance with that on a similar peptide in the Ile ®)-
angiotensin 11 series (Figure 16, No. V). It is surprising to see that it is
probably not only the basicity connected with the side chain of arginine
which is necessary for producing activity, but that a steric element also
is involved (nitrogen on the 8-carbon atom ?). This statement is suggested
by the strong activities of VII (not appreciably basic, due to nitro-substitu-
tion) and VIII (nitrogen on 8-C) as compared to IX (nitrogen on e-C).
The comparison seems to be permissible in spite of the fact that IX contains
Leu in position 5, because XI is reasonably active.

Turning to the fwo residues with hydrophobic side chains, Val® and Val®),
we find indications of a certain difference of specificity: the Leu® analog is
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© Activity (blood
Comp. | - pressure of the
No. Amino-acid residue no. | nephrectomized
! w rat)138
1 2 3 | 4 5 8 7 8 9 10
NH,
i | ! :
I i H- |Asp | Arg | Val | Tyr | Val | His | Pro | Phe || -OH | 100
NH, ! :
| : |
1T H: |Asp | Arg | Val | Tyr | Val | His | Pro | Phe | His | Leu | -OH 50-100
NH, i
| :
111 H- |Asp | Arg | Val | Tyr | Val | His | Pro | Phe | His | Leu | -NH, 50-100
NH, .
|
v H- |Asp | Arg | Val | Tyr | Val | His | Pro | Phe || Pro | Phe | -OH 0-2
NH, I B
| ; ;
A% H- Asp | Arg: Val i Tyr | Val | His | Pro | Phe | NH, i 3
OH i i
“ } i i !
VI H- Asp | Arg | Val | Tyr | Val | His | Pro | phe | His | Leu | -OH ' 0
: . (ref.
| { i [ 139)
| ;

(Point of action of con-
verting enzyme)

Figure 14. Synthetic analogues of Val(8)-angiotensin 1117, 137

fully active (XII), whereas a significant decrease was observed with the
Leu® analogue (XI).

Concerning position 4, our conclusions are different from those of Page
and co-workers!3, These authors state that one of the minimal requirements
for activity is a tyrosine residue in position 4. This was deduced from a
comparison of the two compounds Nos. V and VII (Figure 16). The hexa-
peptide (V, Figure 16) showed a higher activity than our hexapeptide
(VI, Figure 15); this activity was, despite its being only 2-:3 per cent of the
activity of I (Figure 16), assumed to be significant and characteristic of the
receptor; replacement of Tyr® by Phe® (as in VII, Figure 16) produced
complete inactivation, suggesting that the hydroxyl group was of greatest
importance. It seems to be dangerous, however, to draw conclusions from
quantitative differences at such a low level of activity, as surmised by the
fact that the corresponding Phe® analogue of angiotensin II (XIII,
Figure 15) elicits full 10 per cent of the activity of the Tyr® compound
(I1, Figure 15). This clearly demonstrates that the —OH group of Tyr® is
not a minimal requirement.

Turning again to Figure 15, we find that chain length is also essential, an
additional tyrosine residue next to the original one lowering activity very
appreciably (XIV). How essential steric details are, is demonstrated by
- XV which is inactive because of the replacement of L-tyrosine (Tyr) by its
D-isomer (tyr)t44,
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Activity relative to compound No. 1

Altera- Pressure (rat)
tion of | Compound Amino-acid residue no.
position no. Nephrecto- Urethane Isol. rat
no. mized | anaesthet. + ulerustit
——— ] hexametho-
1 2 3 4 5 6 7 8 nium'*t
OH
!
I H:| Asp | Arg | Val | Tyr | Val | His | Pro | Phe |{OH 100 100 100
NH,
|
@ )3 H:| Asp | Arg | Val | Tyr | Val | His | Pro | Phe [-OH 100 5314 2713
I1I H- _61}! Arg { Val | Tyr | Val | His | Pro | Phe FOH 50 36+6 2242
H:| Arg | Val | Tyr | Val | His | Pro | Phe {OH 50 26+ 4 2343
v —
v H- ALpl ~Arg | Val | Tyr | Val | His | Pro | Phe {OH 150
— | (ref. 142)
Va H :ﬂ——Arg Val | Tyr | Val | His | Pro | Phe |-OH 150
VI H'| Val | Tyr | Val | His | Pro | Phe {OH <0-1 <1 <01
NH,| Ni
| |
VII H-| Asp | Arg | Val | Tyr | Val | His | Pro | Phe |-OH 50 2543 3-140-2
® NH,
|
VIII H: Asp | Orn | Val | Tyr | Val | His | Pro | Phe |-OH 20 89409 1-6+£0-2
NH,
|
IX H+ Asp | Lys | Val | Tyr | Leu | His | Pro | Phe || OH <1 — —
NH,|
|
X H- Asp | Arg | Val | Tyr | lle { His | Pro | Phe |-OH 100 52+8 3343
NH
3+ NHa
@+t® | )
XI H:| Asp | Arg | Val | Tyr | Leu | His | Pro | Phe -OH 25 — —
NH,|
| |
XII H:| Asp | Arg | Leu | Tyr | Val | His | Pro | Phe -OH 100 - — —
NH,,
|
XIII H: Asp | Arg | Val | Phe | Val | His | Pro ;| Phe -OH 10 4940-8 2:540-4
® NH,
|
X1V H- ﬂ Arg | Val | Tyr, | Val | His | Pro | Phe [{OH 1 0-33+0-5 0-10-40-02
NH,
|
XV H-| Asp | Arg | Val | tyr | Val | His | Pro | Phe || OH 0 — -
NH,| x*
® . , |
XVI H Asp | Arg | Val | Tyr | Val | His | Pro | Phe {OH — <1 <1
- ref. (ref. 145) (ref. 145)
145)
NH,|
|
XVII H-| Asp | Arg | Val | Tyr | Val | His | Pro | Phe |-OCH, 10 — —_
NH, Br
® | . |
XVIX H- Asp | Arg | Val | Tyr | Val | His | Pro | Phe -OH 50 — —_
X1X H-i Arg | Val | Tyr | Val | His | Pro , phe |{OH 0-2 — —
| OH
|
XX H| Aw !\ Arg | Val | Tyr | Val | His | Pro ~OH\ 005 — -

X

* His = Product of photo-oxidation of the histidyl-residue.

Figure 15. Synthetic analogues of Val®)-angiotensin 11117, 137
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The SZo Paulo group'*s has subjected our II to photo-oxydative inactiva-
tion, destroying the imidazole portion of the His(®-residue: activity is also
abolished (XVI, Figure 15).

Whereas nothing is known about the specificity of pasztwn 7 (Pro), we do
know that phenylalanine with a free carboxyl group is an essential feature
of position 8. Amide formation (V, Figure 14) and esterification (XVII,
Figure 15) reduces activity to 3 per cent and 10 per cent, respectively.
Compound XX (Figure 15) which lacks Phe (® and compound IX (Figure 16)
in which Phe(® is replaced by Ala(® are both inactive; this is also true for
XIX (Figure 15) which has p-phenylalanine in place of the L-isomer and
shows only 0-2 per cent activity compared with 50 per cent for the hepta-
peptide IV (Figure 15). Even such a slight alteration as substitution by bro-
mine in the p-position of the phenyl ring reduces activity to 50 per cent
(XVIII, Figure 15).

Activity relative to T
. Anuino-acid residue no.
Alteration | Compound Pressor Isol. rat
of position no. (anaesthet. uterus
no. . rat, hexa-
1 2 3 | 4 5 6 7 8 methonium)
OH
|
I H-| Asp | Arg | Val | Tyr | Ile | His | Pro | Phe -OH 100 100
@ 1I* Suc | Arg | Val | Tyr | 1le | His | Pro ;| Phe -OH 60 51
IIr _ﬁ~ Arg | Val | Tyr | Ile | His | Pro | Phe {OH 216 18
v H- Arg Arg | Val | Tyr | Ile | His | Pro | Phe -OH 147 69
_ \'% - H: Val | Tyr | Ile | His | Pro | Phe FOH 2:3 6
O® | i ~=| H|Tyr 1l His| Pro | Phe -OH 0 0
A\'%21 | — H- Val | Phe | 1le | His | Pro | Phe |-OH 0 0
©O+® v — | | Val |4 | lle | His | Pro | Phe -OH 0 0
OH
| |
X H-| Asp | Arg | Val | Tyr | lle | His | Pro | Ala -OH 0 i 0

# Sue = succinyl.

Figure 16. Synthetic analogues of Ile ®)-angiotensin 11118,143

The compounds of Figure 16 have been prepared by Page et al.1*3, Most
of the results have just been discussed. The considerations applying to the
comparison of VII with V are also valid for VIII. Interesting is the strong
enhancement of oxytocic activity over pressor action in the Arg®-analogue
(IV). It seems possible that this compound would activate similar receptors
as are activated by kallidin 10 and kallidin 9.

Conformational aspects of angiotensin—Experiments on reversible denaturation
(change of optical rotation) and concomitant loss of activity by treatment
with strong solutions of urea and arginine have been reported#3 146, Whether
these observations reflect a change of conformation (from a biologically
active to an inactive conformational isomer) or are simply due to strong
adducts with urea or arginine which decompose only very slowly on dilution
(the released quantities being quickly degraded by enzymes before becoming
active) is still a moot point. The hydroxyl group of tyrosine has been shown
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to dissociate with a normal pK-value and normal heat and entropy of
dissociation¥6 which seems to exclude the participation in any intramolecular
hydrogen-bonds stabilized by special conformations.

Metal binding'*™—The o- and B-Val ®-angiotensins, Asp(NH,)®, Val®-
angiotensin, and Gly®, Val®-angiotensin give quantitative, amorphous

HaN_ NH
r|~sH OH

COOH  CH, X NH

c|H2 cH, CHinge cm, O S cp, CH;

f i | . |
H,NCHCO — NHCHCO—NHCHCO—NHCHCO~ NHCHCO—NHCHCO—-N-—CHCO—NHCHCOOH
— e ——

100%¢ o Angiotensin|l
(vaf®-angiotensinIl)
(in HO at 100)
Hy N 4NH
i
ll\JH OH
CH = N== N
| ’ }! N |
CH, AN X WH ) =
| “cH CH
COOH (l:HZ 3\CH/ 3 CH2 CH‘.!\CH/CHB CH2 CHZ

I | . / i
H; NCHCH,CO— NHCHCO—NHC HCO—NHCHCO—NHC HCO—NHC HC O—N—CHCO —NHCHCOOH
—

80% ¢
20% o P-Angiotensin 1

( p-Asph valPlangiotensin II)

Figure 17. Conversion of «- to -angiotensin IT!42

precipitates with Cu?* and Zn2?+ salts in aqueous solution. Analysis shows
that 1 atom of the metal is bound to 1 molecule of angiotensin. Despite the
precipitate, the mixture can be rather reproducibly titrated (Figure 18),
showing that chelation is accompanied by a stepwise loss of protons: at
first 2 are liberated (Zn2+, Cu?t), these are followed by 2 (Cu?*) or 3 (Zn2?+)
other protons. The Zn-chelate is active like angiotensin when applied
intraveneously. As in the case of insulin, one might debate whether angio-
tensin acts upon the receptor in the “free” or in a chelated state, because
metal ions could be picked up in the body.

Chelation has also been observed with other metal ions, e.g. Fe?+, Co?*+
etc.1*” and might possibly have some connection with the iron-transport
activity®? of Asp(INH,)®, Val®)-angiotensin. '
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/
Dissolution and

9
violet coloration
8 -
I
Q
T
61 Precipitate] A
-
5 -
B8
A
Precipitate— c

I | ! I L l {
7 6 S5 4 3 2 1
NaOH/mole angiotensin

Figwe 18. Titration of B-Val(®) angiotensin IT with NaOH (4); after addition of 2 moles of
ZnCls (B); after addition of 2 moles of CuSO, (C) (Titrigraph, Radiometer A.B., Kopen-
hagen)4?

Substance P

Extracts of intestine and brain showing neurotropic and musculotropic
activities have been prepared by von Euler and Gaddum?82. These extracts
have been partially purified®*; the active compounds appear to be pep-
tides. Recent work has led to a further purification of the musculotropic
peptide from intestinel%3,149-151: the most active preparation has been
isolated from bovine brain and contains (in agreement with the results of
Vogler!3%) 13 different amino-acids!®L, This is at variance with the findings of
Franz et al*°. The musculotropic action of the peptide isolated from brain
is easily distinguishable from that of bradykinin: it contracts the isolated
guinea pig ileum and hen’s coecum (threshold dose 0-5 ng/ml), the isolated
rat uterus only in doses 100 to 200 times larger, and lowers the blood pressure
of the rabbit (bradykinin is inactive on the hen’s coecum!?®, its relative
activities on guinea pig’s ileum and rat’s uterus are inverse). The pair
bradykinin-substance P is another example of the high specificity of poly-
peptides.

Intestine, brain

Extraction®
Polypeptide
(Lys, Arg, Asp, Ser, Glu, Pro, Gly, Ala, Leu/Ile, Phe) 30,000_ U/mg, from in-
(Lys, Arg, Asp, Thr, Ser, Glu, Pro, Gly, Ala, Val, Ile/Leu, 105?(5)%36141;@& from in-
Phe) testine!s?

(Lys, Arg, Asp, Thr, Ser, Glu, Pro, Gly, Ala, Val, Ile, Leu, 150,000-300,000 U/mg,
Phe) from brain®

Figure 19, Musculotropic factor of substance P 103,152
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CONCLUDING REMARKS

Biological activity of polypeptides is apparently very specifically related
to structure and configuration of these compounds (primary structure). It
remains to be demonstrated whether particular conformations (secondary
and tertiary structures) which are stable in the solid state or in solution are
necessary for activity. However, to be able to assume a conformation
demanded by the receptor, certain features of primary structure must
needs be present.

In solution (conformationil)

|

In the crystal
(conformationI)

Pressure fll !
//mmmmunm”“ gl

At the receptor (conformation Iil)

Figure 20. Possible conformational changes, active and inactive sites in polypeptide hormones,

The conformation I in the crystalline phase might be completely different from conforma-

tion IT in solution. Here, the ‘‘ inactive ** portion (sympolized by the letters INACTIVE)

might serve a number of purposes, e.g. solubilization, etc. Conformation III at the receptor

site may be still different and mainly determined by the active site (PRESSURE) inter-

acting with a particular chemical structure (pressure) of the receptor—the inactive portions
playing minor roles.

The chains of biologically active polypeptides contain portions which are
essential for activity, others which are not. The correct amino-acid sequence
within the active site seems to be necessary to activate the right receptors,
although variations at certain points appear to be more permissible than at
others (specificity requirements of particular positions in angiotensin II
probably become more exacting in the following sequence: Asp® <
Val® < Val® < Arg® & Tyr® < Phe®). Chain length outside of the
active site sometimes is necessary for producing quantitatively a maximum
effect: these “inactive” sites probably also contribute to transport properties,
to reduction of enzymatic viability efc. The “inactive’’ site probably has to
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depend on specific amino-acid sequences to be able to fulfil its task, although
the requirements might be less stringent.

The examination of sequence-activity relationships must be carried out
at a high level of activity; this is the only way to be reasonably sure that
one is dealing with specific effects and not with non-specific ones (a point
that has often been neglected).

It is very tempting to compare amino-acid sequence with other linear
codes, for example with a sequence of letters in written language. Whether
a “language” understandable for all receptors will issue from our endeavour,
or whether every receptor or certain groups of receptors have different
“languages”, is rather irrelevant at the moment, but adds quite an amount of
intellectual incentive to the problems presented here.

References

1¢f. R. Schwyzer. ‘“ Structure-activity relationships among physiologically active poly-
peptides ”, Lecture at the Ist Iniernl. Pharmacological Meeting (Stockholm 1961), Pharmaco-
logical Vol. 7, p. 203, Pergamon Press, London (1963).

2 Polypeptides which Stimulate Plain Muscle (Ed. J. H. Gaddum), E. & S. Livingstone, Edin-
burgh (1955) ; Polypeptides whick Affect Smooth Muscles and Blood Vessels (Ed. M. Schachter),
Pergamon Press, Oxford (1960);

H. Croxatto and L. Barnafi. Recent Progr. in Hormone Research 16, 263 (1960).

3 ¢f. F. Sanger. Brit. Med. Bull. 16, 183 (1960).

4 K. Linderstrem-Lang. Lane Medical Lectures, p. 58, Stanford University Press, Stanford
University, Palo Alto, California (1952).

5 M. F. Perutz, M. G. Rossmann, A. F. Cullis, H. Muirhead, G. Mill, and A. C. T. North.
Nature 185, 416 (1960);

J. C. Kendrew, R. E. Dickerson, B. E. Strandberg, R. G. Hart, and D. R. Davies. Nature
185, 422 (1£60).

8 Review by H. A. Scheraga. Protein Structure, Academic Press, New York & London (1961).

? P. Karlson. Deut. med. Wochschr. 86, 668 (1961); J. Endocrinol. 24, No. 2, IV (1962).

82R. C. Haynes, Jr., E. W. Sutherland, and T. W. Rall. Recent Progr. in Hormone Research
16, 121 (1960);

80J. L. Schwartz, H. Rasmussen, M. A. Schoessler, L. Silver, and C. I. O. Fong. Proc.
Natl. Acad. Sci. U.S. 46, 1288 (1960);

L. D. Peachey and H. Rasmussen. J. Biophys. Biochem. Cytol. 10, 529 (1961).
* G. H. Dixon and A. C. Wardlaw. Nature 188, 721 (1960).

10 Review by R. Acher. Anrn. Rev. Biochem. 29, 547 (1960);
¢f. R. J. Barnett and E. G. Ball. J. Biophys. Biochem. Cyiol. 8, 83 (1960).

11 ¥. Sorm. XVIIth Internl. Congr. Pure and Appl. Chem. Vol. T1, p. 150 (1959), Butterworths,.
London, and Verlag Chemie GmbH, Weinheim/Bergstr. (1960);
H. Gibian. Z. Naturforsch. 16b, 18 (1961).

12 E. Brand and J. T. Edsall. Ann. Rev. Biochem. 16, 223 (1947) ¢f. Figure 1

13 For a review of biologically active polypeptides ¢/. R. Schwyzer and W. Rittel. Bio-

chemisches Taschenbuch, 2. Auflage, Springer-Verlag (in press).
14 F. Sanger and H. Tuppy. Biochem. J. 49, 463 (1951);
F. Sanger and E. O. P. Thompson. Biockem. J. 53, 353 (1953);
A. P. Ryle, F. Sanger, L. F. Smith, and R. Kitat. Biochem. J. 60, 541 (1955);
F. Sanger, Science 129, 1340 (1959);

D. S. H. W. Nicol and L. F. Smith. Nature 187, 483 (1960); ref. 3.

D. S. H. W. Nicol. Biochem, J. 75, 395 (1960);

E. L. Smith, R. L. Hill, and A. Borman. Biochim. et Biophys. Acta 29, 207 (1958).

16 U. W. Arndt and D. P. Riley. Nature 172, 245 (1953).

17 H. Lindley and J. S. Rollett. Biochim. et Biophys. Acta 18, 183 (1955).

18 D, C. Hodgkin and B. Oughton. CIBA Foundation Coll. on Endocrinology, 9, 133 (1956).

1 D. F. Waugh. CIBA Foundation Coll. on Endocrinology, 9, 122 (1956).

20 For a discussion of this problem see: B. L. Vallee. Physiol. Revs. 39, 443 (1959).

2 J. Am. Med. Assoc. 178, 574 (1961).

22 E. R. Froesch, P. Bally, U. Guhl, E. Ramseier, and A. Labhart. Schweiz. med. Woschchr..
90, 1329 (1960).

15

201



R. SCHWYZER

28 K. F. Weinges. Klin. Wochschr. 39, 293 (1961); )

M. B. Lipsett, H. R. Engel, and D. M, Bergenstal. J. Lab. Clin. Med. 56, 342 (1960);

E. Paloyan and P. V. Harper Jr. Metabolism Clin. and Exptl. 10, 315 (1961).

24 CIBA Foundation Colloguia on Endocrinology, Vol. 9: Internal Secretions of the Pancreas, J. & A.

Churchill, London (1956);

A. Staub, L. Sinn, and O. K. Behrens. J. Biol. Chem. 214, 619 (1955);

W. W. Bromer, L. G. Sinn, and O. K. Behrens. J. Am. Chem. Soc. 79, 2807 (1957);

O. K. Behrens and W. W. Bromer. Vitamins and Hormones 16, 263 (1958).

% D. W. Woolley and R. B. Merrifield. Science 128, 238 (1958);
G. L. Tritsch and D. W. Woolley. Nature 186, 76 (1960).
28 R. Schwyzer. Helv. Chim. Acta 44, 667 (1961). .
27 For references, see 1, 13 and R. Schwyzer. Chimia (Switz.) 12, 53 (1958); Record Chem.

Progr. (Kresge-Hooker Sci. Lib.) 20, 147 (1959).

28 H. Tuppy. Biochim. et Biophys. Acta 11, 449 (1953).

29V. du Vigneaud, C. Ressler, and S. Trippett. J. Biol. Chem. 205, 949 (1953).

3% J. G. Pierce, S. Gordon, and V. du Vigneaud. J. Biol. Chem. 199, 929 (1952).

31 A, Light and V. du Vigneaud. Proc. Soc. Exp. Biol. Med. 98, 692 (1958).

32 R. Acher, J. Chauvet, and M.-T. Lenci. Biochim. et Biophys. Acta 31, 545 (1959).

2 R. Acher, J. Chauvet, and M.-T. Lenci. Compt. rend. 248, 1435 (1959).

3¢ V. du Vigneaud, D. T. Gish, P. G. Katsoyanuis, and G. P. Hess. J. Am. Chem. Soc., 80,

3355 (1958); R. O. Studer and V. du Vigneaud. J. Am. Chem. Soc. 82, 1499 (1960).

3 V. du Vigneaud, H. C. Lawler, and E. A. Popenoe. J. Am. Chem. Soc. 75, 4880 (1953);

V. du Vigneaud, M. F. Bartlett, and A. Jéhl. J. Am. Chem. Soc. 79, 5572 (1957).

3 P. G. Katsoyannis and V. du Vigneaud. J. Biol. Chem. 233, 1352 (1958); Nature 184,

1465 (1959).

37 (a) J. Maetz, F. Morel, and B. Lahlouh. Nature 184, 1236 (1959);
(8) J. Maetz, F. Morel, and B. Race. Biochim. et Biophys. Acta 36, 317 (1959).
{(¢cy B. T. Pickering and H. Heller. Nature 184, 1463 (1959).
(d) W. H. Sawyer, R. A, Munsick, and H. B. van Dyke. Nature 184, 1464 (1959); Endo-
crinology 66, 860 (1960).
(e) R. Archer, J. Chauvet, M.-T. Lenci, F. Morel, and J. Maetz. Biochim. et Biophys. Acta
42, 379 (1960).
Action on sodium transport: J. Bourguet and J. Maetz. Biochim. et Biophys. Acta 52,
552 (1961).
38 The following papers may serve as a guide to more recent literature:
(a) P.-A. Jaquenoud and R. A. Boissonnas. Helv. Chim. Acta 44, 113 (1961);
R. L. Huguenin and R. A. Boissonnas. Helv. Chim. Acta 44, 213 (1961);
review: R. A. Boissonnas, St. Guttmann, B. Berde, and H. Konzett. Experientia 17, 377
(1961);

(6) K. Joit, J. Rudinger, and F. Sorm. Collection Czechoslov. Chem. Communs. 26,2496 (1961) ;
Z. Berankova and F. Sorm. Collection Czechoslov. Chem. Communs. 26, 2557 (1961) [oxy-
tocinase inhibitors] ;

Z. Berankova, 1. Rychlik, K. Joit, J. Rudinger, and F. Sorm. Collection Czechoslov.
Chem. Communs. 26, 2673 (1961).

(¢) J. Meienhofer and V. du Vigneaud. J. Am. Chem. Soc. 83, 142 (1961);

D. Jarvis, M. Bodanszky, and V. du Vigneaud. J. Am. Chem. Soc. 83, 4780 (1961);
V. du Vigneaud, C. H. Schneider, J. E. Stouffer, V. V. S. Murti, J. P. Aroskar, and
G. Winestock. J. Am. Chem. Soc. 84, 409 (1962) [oxytocin, labelled on Leu(®) with
g

H].
3 E. Breglow. Biochim. et Biophys. Acta 53, 606 (1961).
40 C. Ressler. Science 128, 1281 (1938).
41 A. B. Lerner and T. B. Fitzpatrick. Physiol. Revs. 30, 91 (1950); A. B. Lerner. Ann.
Rev. Med. 11, 187 (1960).
42 Review: C. H. Li. Advances in Protein Chem. 11, 101 (1956); 12, 269 (1957).
43 J. I. Harris and P. Roos. Biochem. J. 71, 434 (1959);
J- 1. Harris. Brit. Med. Bull. 16, 189 (1960) (review).
44 H. Kz)xppeler and R. Schwyzer. Experientia 16, 415 (1960); Helv. Chim. Acta 43, 1453
(1960).
4 M. Privat de Garilhe, C. Gros, J. Porath, and E.-B. Lindner, Experientia 16, 414 (1960);
M. Privat de Garilhe and C. Gros, Experientia 18, 92 (1962).
46 C. H. Li, E. Schnabel, D. Chung, and Tung-Bin Lo. Nature 189, 143 (1961).
47 K. Shizume, A. B. Lerner, and T. B. Fitzpatrick. Endocrinology 54, 553 (1954).
48 T. H. Lee and A. B. Lerner. J. Biol. Chem. 221, 943 (1956); -
S. L. Steelman, R. N. Anderson, and R. M. McGregor. Biochim. et Biophys. Acta 33, 256
1959).
49 %( Sc%lwyzer and C. H. Li. Nature 182, 1669 (19358).

292



POLYPEPTIDE HORMONES

50 . Schnabel and C. H. Li. J. Am. Chem. Soc. 82, 4576 (1960); p-phenylalanine is ab-
breviated as phe.

51 R. G. Shepherd, K. S. Howard, P. H. Bell, A. R. Cacciola, R. G. Child, M. C. Davies,
J. P. English, B. M. Finn, J. H. Meisenhelder, A. W. Moyer, and J. van der Scheer. J.
Am. Chem. Soc. 78, 5051 (1956), and subsequent publications, ibid.

52 W, F. White and W. A. Landmann. J. Am. Chem. Soc. 77, 1711 (1955).

33 (. H. Li, I. I. Geschwind, R. D. Cole, 1. D. Raacke, J. I. Harris, and J. S. Dixon. Nature
176, 687 (1955).

54 C. H. Li, J. S. Dixon, and D. Chung. J. Am. Chem. Soc. 80, 2587 (1958).

35 T, H. Lee, A. B, Lerner, and V. Buettner-Janusch. J. Am. Chem. Soc. 81, 6084 (1959).

56 J. 1. Harris and A. B. Lerner. Nature 179, 1346 (1957); J. I. Harris. Biochem. J. 71, 451
(1959).

57 1. I. Geschwind, in Columbia University Conference on Comparative Endocrinology, p. 421, John:
Wiley & Sons, New York (1958).

58 ], S. Dixon and C. H. Li. J. Am. Chem. Soc. 82, 4568 (1960).

5 J. 1. Harris and P. Roos. Nature 178, 90 (1956); Biochem. J. 71, 445 (1959);

1. I. Geschwind, C. H. Li, and L. Barnafi. J. Am. Chem. Soc. 78, 4494 (1956).

80 I. I. Geschwind, C. H. Li, and L. Barnafi. J. 4m. Chem. Soc. 79, 1003 (1957).

81 . 1. Harris. Nature 184, 167 (1959).

62 W. A. Krivoy and R. Guillemin. Experientia 18, 20 (1962);

R. Guillemin and W. A. Krivoy. Compt. rend. 250, 1117 (1960), No. 6;
W. A. Krivoy and R. Guillemin. Endocrinology 69, 170 (1961);
J- M. Long, W. A. Krivoy, and R. Guillemin. Endocrinclogy 69, 176 (1961).

8 G. Cehovic. Compt. rend. 254, 1872 (1962).

84 §. Guttmann and R. A. Boissonnas. Helo. Chim. Acta 42, 1257 (1959).

8 K. Hofmann, H. Yajima, and E. T. Schwartz. J. Am. Chem. Soc. 82, 3732 (1960);

K. Hofmann and H. Yajima. J. 4m. Chem. Soc. 83, 2289 (1961).

86 T, B. Lo, J. S. Dixon, and C. H. Li. Biochim. et Biophys. Acta 53, 584 (1961).

67 R, Schwyzer, Antigone Costopanagiotis, and P. Sieber. Chimia (Switz.) 16, 295 (1962).

88 R, Schwyzer and P. Sieber. Reported at the 141st Natl. Meeting of the ACS, Washington.
D.C., March 22, 1962, Symposium on Active Sites, cf. ref. 67.

89 See reference 12.

70 R. Schwyzer, H. Kappeler, B. Iselin, W. Rittel, and H. Zuber. Helv. Chim. Acta 42, 1702
(1959);

R. Schwyzer. XVII Internl. Congr. Pure and Appl. Chem. Vol. II, p. 130, Butterworths, London.
and Verlag Chemie GmbH, Weinheim/Bergst. (1960).

708 R, Schwyzer, B. Iselin, H. Kappeler, B. Rinicker, W. Rittel, and H. Zuber. Unpublished
results.

1 E. W. Fliickiger. Internl. Congr. Endocrinology, Copenhagen (1960), Advance Abstracts,.
p. 333 (Periodica, Kopenhagen, 1960); )

S. Guttmann and R. A. Boissonnas. Experientia 17, 265 (1961).

72 H. Kappeler. Helv. Chim. Acta 44, 476 (1961).

# C. H. Li. Lab. Invest. 8, 574 (1959) (cf. ref. 42).

7 J. P. Waller and H. B. F. Dixon. Biochem. J. 75, 320 (1960).

72 H, Kappeler, A. Costopanagiotis, P. Desaulles, and R. Schwyzer. Unpublished results..

% K. Hofmann, T. A. Thompson, M. E. Woolner, G. Spiihler, H. Yajima, J. D. Cipera,
and E. T. Schwartz. J. Am. Chem. Soc. 82, 3721 (1960);

K. Hofmann, E. Stutz, G. Spiihler, H. Yajima, and E. T. Schwartz. J. Am. Chem. Soc.
82, 3727 (1960).

6 E. Schnabel and C. H. Li. J. Biol. Chem. 235, 2010 (1960).

77 C. H. Li, E. Schnabel, and D. Chung. J. Am. Chem. Soc. 82, 2062 (1960).

s f“.gM. Ganis, L. L. Miller, and L. R. Axelrod. Proc. Soc. Exptl. Biol. Med. 89, 634

1955).

7% Review: T. Symington (p. 51) and J. K. Grant (p. 57) in ACTH, Proceedings of the Sheffield
Corticotropin Conference (1960), (Ed. H. F. West), Munksgaard, Copenhagen (1960).

80 For a detailed discussion of the biosynthesis of steroid hormones see: A. Wettstein.
Experientia 17, 329 (1961).

81 O, Hechter and G. Pincus. Physiol. Revs. 34, 459 (1954).

82 155)ng Kass, O. Hechter, I. A. Macchi, and T. W. Mou. Proc. Soc. Exptl. Biol.M ed. 85,

3 (1954).
83 T. Symington and J. N. Davidson. Scot. Med. J. 1, 15 (1956).
8¢ H. Bruce, A. S. Parkes, and W. L. M. Perry. Lancet 262, 790 (1952).
W. Hohlweg, U. Laschet, G. Dérner, and E. Daume. Acta Endocrinol. 35, 501 (1960).
8 %f M. S. Raben, R. Landolt, F. A. Smith, K. Hofmann, and H. Yajima. Nature 189,
81 (1961).

86 Review: M. P. Stack-Dunne, p. 19, in ACTH, Proceedings of the Sheffield Corticotropin Con—

Serence (1960), (Ed. H. F. West), Munksgaard, Copenhagen (1960).

293



R. SCHWYZER

87 W. F. White. J. Am. Chem. Soc. 75, 503 (1953);

C. H. Li, I. 1. Geschwind, A. L. Levy, J. I. Harris, J. S. Dixon, N. G. Pon, and J. O.
Porath. Nature, 173, 251 (1954);
P. H. Bell. J. Am. Chem. Soc. 76, 5565 (1954).

88 N. G. Brink, F. A. Kuehl, Jr., J. W. Richter, A. W. Bazemore, M. A. P. Meisinger, D. E.
Ayer, and K. Folkers. J. Am. Chem. Soc. 74, 2120 (1952).

89 Degradation by leucine amino-peptidase, W. F. White. J. Am. Chem. Soc. 77, 4691 (1955).

90 Peptic digestion: W. F. White. J. Am. Chem. Soc. 76, 4194 (1954); C. H. Li, I. I. Ge-
schwind, R. D. Cole, I. D. Raacke, J. I. Harris, and J. S. Dixon. Nature 176, 687 (1955);
R. D. Cole, C. H. Li, J. I. Harris, and N. G. Pon. J. Biol. Chem. 219, 903 (1958).

91 H. Kappeler and R. Schwyzer. Helv. Chim. Acta 44, 1136 (1961);

R. Schwyzer in Protides of the Biological Fluids, (Ed. H. Peeters), p. 27, Elsevier, Amsterdam
(1962);

R. Schwyzer, in the Symposium on Active Sites, 141st Meeting of the Am. Chem. Soc.,
Washington D.C., March 22 (1962).

92 K. Hofmann, H. Yajima, N. Yanaihara, Teh-Yung Liu, and S. Lande, J. Am. Chem.
Soc. 83, 487 (1961);

T. S. Danowski, K. Hofmann, H. Yajima, and C. Moses. Metabolism Clin. and Exptl. 10,
835 (1961). .

93 K. Hofmann, T.-Y. Liu, H. Yajima, N. Yanaihara, Ch. Yanaihara, and J. L. Humes.
J. Am. Chem. Soc. 84, 1054 (1962).

% (g) C. H. Li, J. Meienhofer, E. Schnabel, D. Chung, T.-B. Lo, and J. Ramachandran.
J. Am. Chem. Soc. 82, 5760 (1960); 83, 4449 (1961);

(b) C. H. Li, D. Chung, J. Ramachandran, and B. Gorup. J. Am. Chem. Soc. 84, 2460
(1962).

95 (g) W. Rittel. Unpublished synthesis.

(b) R. Schwyzer ,W. Rittel, and Antigone Costopanagiotis. Helv. Chim. Acta 45,2473 (1962).

%6 R, Schwyzer, W. Rittel, H. Kappeler, and B. Iselin. Angew. Chem. 72, 915 (1960).

97 M. Rocha e Silva, W. T. Beraldo, and G. Rosenfeld. Am. J. Physiol. 156, 261 (1949).

98 Flucidation of structure of bradykinin was first carried out on material obtained by the
action of trypsin on plasma: D.F. Elliott, G. P. Lewis, and E. W. Horton. Biockem. J. 74,
15 (1960); Biochem. Biophys. Research Communs. 3, 87 (1960) ;

D. F. Elliott, E. W. Horton, and G. P. Lewis. Biochem. J. 78, 60 (1961);
D. F. Elliott. Record Chem. Progr. (Kresge-Hooker Sci. Lib.) 22, 157 (1961).

99 Bradykinin obtained from plasma by the action of snake-venom (bothrops jararaca) was
shown to be identical with that obtained by trypsin: H. Zuber and R. Jaques. Helv.
Chim. Acta 43, 1128 (1960);

This result was later confirmed by U. Hamberg, F. M. Bumpus, and 1. H. Page. Biochim.
et Biophys. Acta 52, 533 (1961).
100 . Werle, I. Trautschold, and G. Leysath. Z. physiol. Chem. 326, 174 (1961);
Review: E. Werle. Angew. Chem. 73, 689 (1961).
101, V, Pierce and M. E. Webster. Biochem. Biophys. Research Communs. 5, 353 (1961).
102 For a discussion of the biogenesis of kallidin and bradykinin see: M. E. Webster and J. V.
Pierce, in “ Structure and function of biologically active peptides ”, Ann. N.Y. Acad. Sci.
104, 91 (1963). (Conference of March 22-24, 1962).

103 For a review see  Conference on structure and function of biologically active peptides *’;

E. G. Erdés, presiding, March 22-24, 1962, New York; Ann. N.Y. Acad. Sci. 104, 1-164
1963).
104 (E St\'.')lrmer and A. Cerletti. Am. Heart. J. 62, 149 (1961).
105 7, P, Picarelli, O. B. Henriques, and M. C. F. Oliveira. Experientia 18, 77 (1962).
106 E. D. Nicolaides, H. A. de Wald and D. A. McCarthy. Biochem. Biophys. Research Communs.
6, 210 (1961).
107 T, Pless,( E. S‘Zl‘irmer, S. Guttmann, and R. A. Boissonnas. Helo. Chem. Acta 45, 394 (1962).
108 (5) R. A. Boissonnas, S. Guttmann, P.-A. Jaquenoud, H. Konzett, and E. Stiirmer.
Experientia 16, 326 (1960);
(b) R. A. Boissonnas, S. Guttmann, and P.-A. Jaquenoud. Helv. Chim. Acta 43, 1349
1960) ;
éc) S.)Guttmann, J. Pless, and R. A. Boissonnas. Helv. Chim. Acta 45, 170 (1962).
109 E. D. Nicolaides and H. A. de Wald. J. Org. Chem. 26, 3872 (1961).
110 of, 107(a); R. A. Boissonnas, S. Guttmann, and P.-A. Jaquenoud. Helv. Chim. Acta 43,
1481 (1960).
m R, Sclgwyze)r, W. Rittel, P. Sieber, H. Kappeler, and H. Zuber. Helv. Chim. Acta 43, 1130
1960).
1z ](3 D.>Nicolaides, H. A. De Wald, P. G. Shorley, and H. O. J. Collier. Nature 187, 773
1960).
13 % Vggler, P. Lanz, and W. Lergier. Helv. Chim. Acta 45, 561 (1962).
114 M. Bodansky, M. A. Ondetti, J. C. Sheehan, and S. Lande. in ref. 103. p. 24.

294



POLYPEPTIDE HORMONES

15 K. Vogler, R. O. Studer, and W. Lergier. Helv. Chim. Acta 44, 1495 (1961).

118 E, Nicolaides, H. A. Dewald, and M. K. Craft. in ref. 103, p. 15.

117 Reviews by:

(a) R. Schwyzer and H. Turrian. Vitamins and Hormones 18, 237 (1960);
(b) R. Schwyzer. Circulation 25, 175 (1962).

118 Reviews by I. H. Page and F. M. Bumpus. Physiol. Revs. 41, 331 (1961);

F. M. Bumpus, R. R. Smeby, and I. H. Page. Circulation Research 9, 762 (1961}).

118 Review by F. Gross. Klin. Wochschr. 36, 693-706 (1958).

120 T,. T. Skeggs, K. E. Lentz, J. R. Kahn, N. P. Shumway, and K. R. Woods. J. Expil.
Med. 104, 193 (1956).

121 D. F. Elliott and W. S. Peart. Nature 177, 527 (1956); Biochem. J. 65, 246 (1957).

122 K. E. Lentz, L. T. Skeggs, K. R. Woods, J. R. Kahn, and N. P. Shumway. J. Exptl. Med.
104, 183 (1956).

123 H. Schwarz, F. M. Bumpus, and I. H. Page. J. Am. Chem. Soc. 79, 5697 (1957).

12 Val5)-hypertensin II was not isolated from natural sources but only obtained by syn-
thesis: R. Schwyzer, B. Iselin, H. Kappeler, B. Riniker, W. Rittel, and H. Zuber.
Chimia (Switz.) 11, 335 (1957); Helv. Chim. Acta 41, 1287 (1958). .

125 For a modern review see: F. Gross. Interrelationship of Renal and Adrenal Hormones, Inter-
national Congress on Hormonal Steroids, Milan, 1962; Academic Press, New York (in
press).

126 T, H. Page and F. Olmsted. Am. J. Physiol. 201, 92 (1961).

127 J. Traeger, J.-F. Cier, and R. Deleuze. Rev. franc. études clin. et biol. 5, 381 (1960).

128 R. Duesberg. Deut. med. Wochschr. 86, 1640 (1961).

129 H, Nolte. Anaesthesist 10, 242 (1961).

130 P, N. Yu, M. N. Luria, J. K. Finlayson, C. A. Stanfield, H. Constantine, and F. J.
Flatley. Circulation 24, 1326 (1961),

131 ¥, del Greco and D. C. Johnson. J. Am. Med. Assoc. 178, 994 (1961).

132 J, W. Fisher and J. J. Crook. Blood 19, 557 (1962).

133 P, P. Leyssac, U. V. Lassen, and J. H. Thaysen. Biochim. et Biophys. Acta 48, 602 (1961).

13¢ F. del Greco. Proc. Soc. Exptl. Biol. Med. 109, 105 (1962).

135 Review: W. S. Hartroff and P. M. Hartroff. Federation Proc. 20, 845 (1961), ¢f. N. M.
Kaplan and F. C. Bartter. J. Clin. Invest. 41, 715 (1962).

136 P, Biron, E. Koiw, W. Norwaczynski, J. Brouillet and J. Genest. J. Clin. Invest. 40, 338
(1961).

137 R. Schwyzer. Helv. Chim. Acta 44, 667 (1961);

B. Riniker and R. Schwyzer. Helv. Chim. Acta 44, 674, 677, 685 (1961).

138 J. W. McCubbin and I. H. Page. Am. J. Physiol. 170, 309 (1952);

F. Gross and P. Lichtlen. Arch. exptl. Pathol. u Pharmakol. 233, 323 (1958).

129 §. Guttmann. Helv. Chim. Acta 44, 721 (1961).

WO F. Gross and H. Turrian. In Polypeptides Which Affect Smooth Muscles and Blood Vessels, (Ed.
M. Schacter), Pergamon Press, London (1960).

141 Results according to: A. C. M. Paiva and T. B. Paiva. Biochem. Pharmacol. 5, 187 (1960);
T. B. Paiva and A. C. M. Paiva. Brit. J. Pharmacol. 15, 557 (1960).

142 (a) B. Riniker, H. Brunner, and R. Schwyzer. Angew. Chem. 74, 469 (1962);

(6) H. Brunner and D. Regoli. Experientia 18, 504 (1962).

133 F. M. Bumpus, P. A, Khairallah, K. Arakawa, 1. H. Page and R. R. Smeby. Biochim.
et Biophys. Acta 46, 38 (1961} ;

K. Arakawa, R. R. Smeby and F. M. Bumpus. J. Am. Ghem. Soc. 84, 1424 (1962).

141 B, Riniker. To be published.

145 A. C. M. Paiva and T. B. Paiva. Biochim. et Biophys. Acta 48, 412 (1961).

146 A, C. M. Paiva. “ Relacdo entre a estrutura € a ativitade das angiotensinas ”’, Thesis,
Sao Paulo (1962).

147 R. Schwyzer. To be published.

148 (g) U. S. v. Euler and J. H. Gaddum. J. Physiol. (London) 72, 74 (1931);

(6) U.S.v. Euler. Arch. Exptl. Pathol. Pharmakol. 181, 181 (1936);
B. Pernow. Acta Physiol. Scand. 29, Suppl. 105, 1 (1953); see also these same authors in
ref. 103, pp. 393, 499.

149 J. Franz, R. A. Boissonnas and E. Stiirmer. Helv. Chim. Acta 44, 881 (1961); contribution
in refs. 103 and 152.

150 K. Vogler and W. Haefely in refs. 103 and 152.

151 H. Zuber and R. Jaques. Angew. Chem. (Engl. Ed.) 1, 160 (1962); Angew. Chem. (German
Ed:) 74, 216 (1962); contribution in ref. 103, p. 391.

152 Review: Symposium on Substance P, (Ed. P. Stern), Oslobodenji, Sarajevo (1961),

295





